Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a rapidly emerging group of natural products with diverse biological activity. Most of their biosynthetic mechanisms are well studied and the "genome mining" strategy based on homology has led to the unearthing of many new ribosomal natural products, including lantipeptides, lasso peptides, cyanobactins. These precursor-centric or biosynthetic protein-centric genome mining strategies have encouraged the discovery of RiPPs natural products. However, a limitation of these strategies is that the newly identified natural products are similar to the known products and novel families of RiPP pathways were overlooked by these strategies. In this work, we applied a transcription-factor centric genome mining strategy and diverse unique crosslinked RiPP gene clusters were predicted in several sequenced microorganisms. Our research could significantly expand the category of biosynthetic pathways of RiPP natural products and predict new resources for novel RiPPs. 
Introduction
Intensive abuse of antibiotics for human therapy, farm animals, and fish in aquaculture has resulted in the occurrence of multiresistant pathogens [1] . Currently, it is a growing public concern, as it is associated with increased number of deaths and suffering for humans. The multidrug resistant strain, Staphylococcus aureus, is one of the most common pathogens that cause serious diseases [2, 3] . Accelerating the development of novel antibiotics with novel antimicrobial mechanisms is still the major strategy to treat these potentially life-threatening infections [4, 5] .
Microbes are still the richest source of natural products and are used for the discovery of new antibiotics [6] . For example, newly developed antibiotics such as teixobactin and lassomycin have been derived from soil bacteria [7] . Generally, most of these antibiotics are assembled by multimodular megasynthases, like nonribosomal peptide synthetases (NRPS) and polyketide synthases (PKS) or NRPS-PKS hybrids [8] [9] [10] [11] . In addition, ribosomally synthesized and post-translationally modified peptides (RiPPs) are becoming a major group of antibiotics, which were underestimated in the past [12] . With the rapid progress of genome sequencing technology, many of the RiPP biosynthetic gene clusters have been uncovered through diverse genome mining strategies [13] [14] [15] . Unlike the broad-spectrum antibiotics, most RiPPs with antibiotic activity often show a very narrow activity spectrum, which can benefit patients, as their side effects will be lesser than the broad-spectrum antibiotics [14, 16] .
In general, the biosynthesis of RiPPs occurs in a ribosome-dependent manner [12] . A precursor peptide with a length of 20-100 proteinogenic amino acids was first assembled on the ribosome. Typically, the precursor peptide is divided into two parts: An N-terminal leader sequence and a C-terminal core sequence [12, 15, 16] .
The leader peptide is used to guide the biosynthesis and is subsequently removed by a specific transporter or a peptidase. With the assistance of the leader peptide, extensive post-translational modifications of the core peptide are performed by the tailoring enzymes, often within close proximity to the precursor gene [17] . With this strategy, although the precursor peptide relies on the limited proteinogenic amino acids, structurally diverse compounds were created [12] . Common structural features of RiPPs include methylations, phosphorylation, heterocycles, backbone crosslinks, dehydrated amino acids, and many others.
To find novel antibiotics, a couple of strategies have been developed [18] [19] [20] [21] .
Among them, bioinformatics strategy is the most powerful method because of its culture independent fashion [13, 15, 18] . Moreover, in some cases the final structures of the compounds produced by the identified biosynthetic gene clusters could be predicted, which helps reduce the rediscovery of known compounds. Currently, most bioinformatics strategies developed depend on domain homology [13, 15, 18] . Of all the existing biosynthetic gene cluster-predicting tools, the most popular one is antiSMASH, which is widely used for the prediction biosynthetic pathways of secondary metabolites [22, 23] . Generally, the genes for the biosynthesis of natural products are organized in clusters. This unique feature laid the foundation for the development of these bioinformatics tools. By collecting the protein domains found in known clusters these tools could use the database to predict new clusters by searching for similar domains [22, 23] . This genome mining strategy is very effective for the discovery of similar clusters, but cannot predict completely new biosynthetic gene clusters with novel proteins containing unknown domains.
As for the RiPP family of natural products, most of the known RiPP biosynthetic gene clusters are well studied [12, 16] . The co-existence of the precursor peptide and the specific tailoring enzymes ultimately define the classes of RiPPs. Past research has shown that bioinformatics studies could readily identify novel RiPPs using homology searching methods [15] . For example, novel modified lasso peptides, such as phosphorylated and acetylated lasso peptides, were discovered using this strategy [24] [25] [26] . However, completely new families of RiPPs have not been discovered by these strategies, which hinders the progress of RiPP research. To develop novel bioinformatics strategies for the identification of completely new families of natural products, we focus on transcription factors that are important markers for the biosynthesis of natural products. Our strategy is based on the idea that different biosynthetic pathways could be co-regulated by a similar regulator.
Here, we present a transcription-factor-centric genome mining strategy. We also searched for potential novel RiPP gene clusters in genome-sequenced microorganisms.
Through bioinformatics analysis and precursor prediction, we have identified diverse families of RiPP biosynthetic pathways. The results showed that several microbes possess the potential to synthesize a variety of unprecedented, crosslinked, ribosomally synthesized, and post-translationally modified peptides.
Results

Selection of the SHP/Rgg quorum sensing system as an inquiry for genome mining
To find a proper transcription-factor for genome mining studies, we search for a potential proper quorum sensing system and the streptococcal bacteria draws our attention. Research has shown that these bacteria use a novel quorum sensing system for intraspecies communication and regulate the biosynthesis of natural peptide products [27, 28] . One example is the recently identified peptide-based quorum sensing system from Streptococcus thermophilus, which is a non-pathogenic bacterium widely used in the fermentation of dairy products [29] [30] [31] . They have shown that S. thermophilus can produce a short hydrophobic peptide (SHP, H 2 N-EGIIVIVVG-COOH) that functions as a pheromone [29] [30] [31] . Generally, the peptide is exported into the environment after synthesis. However, when the concentration of SHP in the environment reaches the threshold, it triggers the Ami oligopeptide transporter and is imported into the cytoplasm again. SHP then binds to the transcription factor Rgg and regulates diverse cellular processes, including the biosynthesis of streptide ( Fig. 1 ) [29] [30] [31] . Streptide is a new family of RiPPs that are biosynthesized via a short pathway containing three genes: strA, which encodes the precursor peptide, strB, a radical S-adenosylmethionine (SAM) enzyme, and strC, an ABC transporter [32] [33] [34] [35] . The strB enzyme is responsible for the formation of the unusual lysine-to-tryptophan crosslink. strC is needed to remove the leader peptide and export the mature streptide outside the cell. The discovery of streptide, and the elucidation of its biosynthesis pathway is an impressive example of the biochemical pathways catalyzed by the radical SAM enzymes [32] [33] [34] [35] . Past research on sactipeptide biosynthesis also showed that the thioether bond formation was catalyzed by similar radical SAM enzymes [36] . All these examples demonstrate that they are one of the most versatile enzyme families and are widespread in nature. Therefore, searching for novel radical SAM enzymes containing RiPP gene clusters could present opportunities for finding novel natural products with unique biosynthetic reaction mechanisms.
The SHP/Rgg quorum sensing system has been shown to regulate diverse cellular processes [29] . We were curious about the distribution of these systems in other bacteria. One hypothesis was that such kind of transcription factors might control different types of RiPP pathways. This led us to develop a transcription-factor centric genome-mining approach for the discovery of novel biosynthetic pathways. To confirm our hypothesis, the Rgg gene (WP_011681385.1) from S. thermophilus was selected as a query sequence and a PSI-BLAST (position-specific iterated BLAST) was performed using the NCBI (national center for biotechnology information)
database [37] . The algorithm parameters were set as follows: Maximum target sequences to display was set to 500; expect value threshold was set to 10;
BLOSUM62 was chosen as the matrix for scoring parameters. Surprisingly, this bioinformatics survey indeed showed that a similar type of quorum sensing system widely exists in nature, especially in the streptococcal bacteria. Further analysis showed that the loci were upregulated by these quorum-sensing systems, which lead to the discovery of a large number of novel RiPP biosynthetic pathways. Here, we will show three different representative families of novel RiPP biosynthetic pathways identified by this strategy and the structure prediction of the final natural products.
The WGK type of RiPP biosynthetic pathways
By the genome mining study on Rgg from S. thermophilus, 500 new Rgg regulators were identified. After the identification of these novel transcription-factors, the associated biosynthetic pathways present downstream were studied in detail. (Table 1) . Like the streptide system, the genes are a radical SAM enzyme and an ABC transporter. Besides, there is a PqqD domain protein adjacent to the radical SAM enzyme ( Fig. 2A) . This domain is observed in several RiPP biosynthetic pathways. In the biosynthesis of pyrroloquinoline quinone (PQQ), the PqqD was shown to assist the tailoring enzyme PqqE and crosslink a tyrosine residue to a glutamate residue in an intramolecular cyclization of PqqA [38, 39] . In the biosynthesis of lasso peptides, such as the paeniondin and streptomonomicin, the PqqD domain was shown to bind to the leader peptide and transfer its peptide substrate to other enzymes for processing [40, 41] . Apart from these examples, the PqqD domain (precursor peptide recognition element) is also present in other diverse
RiPP biosynthetic pathways, such as linear azole-containing peptides, thiopeptides, and sactipeptide [40] . It is an important marker for novel RiPP biosynthetic pathways, since it is used in leader peptide binding. Thus, these gene clusters belong to a novel RiPP biosynthetic pathway.
The sequences of all these identified gene clusters were downloaded from NCBI and analyzed by Clone Manager for target precursor peptides. Usually, the precursor peptide is located in front of the processing enzymes. In the case of streptide, the precursor peptide was located between the Rgg Regulator and the strB protein [33] .
The precursors of these newly identified pathways likely follow the similar synthetic logic. Therefore, we looked for short ORFs in this area and a single potential precursor peptide was identified in each cluster in this region. The sequences of these precursor peptides are shown in Fig. 2B and were analyzed using the CLC Main
Workbench. All the precursor peptides consist of 21 aa. Based on the alignment, these peptides have two obvious conservation regions, which likely consist of the leader peptide and the core peptide. The conserved reside, KKEF, in the leader peptide region is probably used to bind to the PqqD domain. On the other hand, the WGK conserved in the core peptide region might contribute to the final structure of the RiPP natural products. We hypothesized that there might be an unusual cyclization between these residues catalyzed by the radical SAM enzymes and the PqqD domain (Fig. 2C ).
Further in vivo or in vitro studies on these systems are needed to confirm our hypothesis. Nevertheless, considering the sequence of the precursor peptide and the components of the biosynthetic enzymes, these newly identified RiPP biosynthetic pathways are distinct from the streptide systems. Thus, they represent a completely new family of RiPP gene clusters. (Fig. 3A) . In those systems, three genes were located downstream of the Rgg like transcription factors including a short precursor peptide ( Table 2 ). Unlike the previously identified WGK type of RiPP biosynthetic pathway, where a PqqD domain was present, these gene clusters are more similar to the streptide system [33, 35] . A radical SAM enzyme and an ABC transporter could be found downstream of the Rgg Regulator. In five cases, except the one from S. himalayensis, the precursor peptides were predicted using the NCBI database. They were directly located between the regulator and the process enzyme.
The CGPSHSCGGGR type of RiPP biosynthetic pathways
The sequence of all these identified gene clusters was downloaded from NCBI and the precursor peptide from S. himalayensis was also predicted based on short-ORF searches. These six precursor peptides are shown in Fig. 3B . They were analyzed using the CLC Main Workbench. These precursors have a length of about 34-37 aa. Based on the sequence alignment, these potential precursor peptides have a highly conserved region at the center of the N terminus, which might be the binding site for the process enzymes. The C terminus is also highly conserved and the sequences are the same in all six cases. This part consists of the core peptide and has a conserved sequence "CGPSHSCGGGR". We also hypothesized that the radical SAM enzyme will introduce an unusual modification at that region and the leader peptide will be removed by the ABC transporter (Fig. 3C) . Although, the biosynthetic mechanism of these systems is similar to that of the streptide system, the distinct precursor peptide and a dissimilar radical SAM enzyme make these systems another completely new family of RiPPs.
The ITRRRY type of RiPP biosynthetic pathways
The third type of system discovered based on this transcription-factor centric genome-mining approach is observed in Staphylococcus pseudintermedius,
Streptococcus parauberis, Streptococcus sp. UMB0029, and Streptococcus suis.
Downstream to the Rgg type regulator, two enzymes could be found. This system also has a radical SAM enzyme and an ABC transporter similar to the streptide system and the previous CGPSHSCGGGR type of RiPP system [33, 35] . However, the radical SAM enzyme showed a very low similarity compared to the one from the streptide biosynthetic pathway, indicating that they are also a completely new family of RiPP biosynthetic pathway. All these gene clusters were downloaded from NCBI and the accession numbers are shown in Table 3 . The potential precursor peptides were detected between the Rgg regulator and the radical SAM enzyme by searching for short ORFs in this region (Fig. 4A) . Four potential precursor peptides were predicted and an alignment was performed using the CLC Main Workbench. As shown in Figure 4B , these precursor peptides also are clearly divided into two parts. The N terminus has a conserved sequence, which contains the leader peptide and is likely involved in the binding process of the enzymes. On the other hand, the C terminus has a conserved sequence, namely "ITRRRY", which contributes to the final products.
These systems are named as the ITRRRY type of RiPP. Like the streptide system, we hypothesized that the radical SAM enzymes might catalyze an unusual cyclization reaction in the core peptide (Fig. 4C ). Since these are new classes of natural products, the prediction of the final structure is difficult and further in vivo and in vitro studies are necessary to confirm our hypothesis.
Discussion
Microbial natural products are still a rich source for novel lead compounds in the treatment of many diseases [4] . Among them, RiPPs are a rapidly growing class of natural products pervasive in all domains of life [42, 43] . With the progress in genome sequencing and genome mining technology, research on the RiPPs has rapidly increased in the past few years [44] . Currently, most of the genome mining strategy for RiPPs is based on protein domain homology. Nevertheless, because the precursor peptide sequences are different and the novel tailoring enzymes could be incorporated in similar biosynthetic pathways, the newly identified RiPP gene clusters based on domain homology still prove to be fruitful in discovering new medicines [18] .
Although these traditional approaches are very useful, there are a few limitations. The algorithm developed for these approaches are based on the conserved domains of the known biosynthetic enzymes. The explicitly defined rules on what is considered a new biosynthetic gene clusters in these software limits the applications and the newly discovered results are similar to known biosynthetic pathways [45] . A new structural class of compounds with a novel scaffold could not be found in most cases.
To discover a completely new family of natural products, currently the main strategy is still the screening and isolation of novel compounds [4, 7] . In these cases, after the identification of metabolites, it is still a challenge to relate the final products to their respective biosynthetic pathways. Although, diverse genome mining strategies have been developed, the regulatory patterns in the biosynthetic pathway were less studied in the past. It is reasonable to assume that different biosynthetic gene clusters might be co-regulated and common regulatory patterns exist in different clusters [45, 46] . It is important to understand the complex regulation of secondary metabolites in bacteria, especially in Streptomyces [47, 48] . It has been long known that most of the gene clusters in Streptomyces are silent under normal laboratory conditions [49, 50] .
Therefore, it is necessary to study the complex regulatory networks involved in secondary metabolism and find effective ways to activate these silent gene clusters [50] . It is worth noting that regulator binding sites are often highly conserved and various tools have been developed to predict the regulator system associated with biosynthetic pathways [51] . Since the regulator sites are often conserved, it is also possible to use the regulatory sequences as a query sequence for genome mining studies. One successful example is the development of the software CASSIS for the prediction of fungal natural products present in the biosynthetic pathways [45] . In fungus, there are many gene cluster-specific regulators. Therefore, targeting the regulatory sequence could facilitate the identification of novel gene clusters.
Till date, transcription-factor centric genome-mining approach has hardly been reported for RiPPs. In this study, we investigated the genomes of streptococcal bacteria for the presence of diverse Rgg type quorum sensing system. Using this genome mining strategy, we identified more than 500 microbes having similar systems. Surprisingly, these Rgg type regulators are frequently found in conjunction with novel potential RiPP biosynthetic pathways, indicating that these quorum-sensing systems could control diverse biosynthesis of RiPP natural products.
Notably, these systems are overlooked by other prediction tools based on domain homology, such as antiSMASH, since the process enzymes possess completely new domains [22, 23] . Thus, the transcription-factor centric genome-mining approach is superior to the traditional genome mining strategy that relies on protein domain similarity in this sense.
By carefully studying the downstream genes of these newly identified Rgg regulators, we found that streptococcal bacteria develop diverse strategies to produce RiPPs and most of them have not been reported previously [12] . Among all the identified systems, we chose three representatives, which had not been previously reported. Moreover, all the discovered systems are unique among all known RiPP biosynthetic gene clusters. Despite a similar "biosynthetic grammar" in all these biosynthetic pathways with a Rgg regulator, a precursor peptide, a radical SAM enzyme (or radical SAM enzyme plus a PqqD domain), and an ABC transporter, the precursor peptides and the process enzymes are completely different. A phylogenetic tree was built for all the radical SAM enzymes involved in these biosynthetic pathways. As showed in Fig. 5 , the radical SAM enzymes are clearly divided into four clades. Low similarities between these process enzymes make it hard to discover these mysterious gene clusters using the traditional domain similarity-based genome mining strategy.
Based on our studies, it seems that the streptococcal bacteria have developed diverse cyclization peptides system. Currently, the physiological roles of these small molecules are still unknown. It could be deduced from the streptide system that these cyclic peptides are produced at high cell densities and are triggered by the SHP like quorum sensing systems. Generally, this state is associated with virulence in the pathogenic Streptococci indicating that they might play an important role in this process [35] . On the other hand, since these systems are associated with the quorum sensing systems, it is also possible that these peptides function as self-strain activators or cross-strain inhibitors of quorum sensing-dependent pathways in Streptococci (Fig.   6 ) [29] [30] [31] .
Conclusion
Despite the discovery of increasing numbers of new RiPP natural products, the discovery rate of novel family of RiPPs is slow. Herein, we report several streptococcal bacteria that have the potential to produce several unique families of RiPPs, identified using a transcription-factor centric genome-mining approach. This approach could also be employed as a general and powerful tool for the discovery of other novel RiPPs. Our results also provide detailed information on these mystery biosynthetic systems. The newly identified radical SAM enzymes and their corresponding substrates provide opportunities for finding novel pathways. The detected putative RiPP biosynthetic pathways may lead to the discovery of novel compounds for the development of antibiotics. However, it is needed to point out that the identification and isolation of all these predicted cyclic peptides remains a huge challenge. Genetic and analytical methods are needed to connect the predicted genotypes to final chemotypes. Nevertheless, it is an exciting start to the identification of new molecules and studies related to these molecules are underway.
Materials and methods
Genome sequences
The published genome sequences of 500 bacteria (mainly streptococcal bacteria)
containing the Rgg type regulator were obtained from the NCBI Refseq and draft genome repository.
Search for Rgg regulator containing genomes
Published genomes were checked for the presence of Rgg type regulator (similar with the streptide system) by using the web-based bioinformatic tools PSI-BLAST.
The Rgg gene (WP_011681385.1) from S. thermophilus was selected as a query sequence. The algorithm parameters were set as follows: Maximum target sequences to display was set to 500; expect value threshold was set to 10; BLOSUM62 was chosen as the matrix for scoring parameters. Predicted gene clusters in the downstream of the regulator were assigned manually and the conserved domains were analyzed by BLAST searches. The gene clusters were classified based on the similarity of the precursor peptides.
Phylogenetic analysis
The sequences of the Radical SAM enzymes from each gene clusters were retrieved manually from the NCBI database (www.ncbi.nlm.nih.gov/). Alignments were performed by ClustalX with standard settings. The Alignments were then used to 
